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ABSTRACT

To determine the feasibility of coupling the output of an optical fiber to a rib
waveguide in a temperature environment ranging from 20°C to 300°C, a theoretical
calculation of the coupling efficiency between the two was investigated. This is a
significant problem which needs to be addressed to determine whether an integrated
optic device can function in a harsh temperature environment. Because the behavior of
the integrated-optic device is polarization sensitive, a polarization-preserving optic
fiber, via its elliptical core, was used to couple light with a known polarization into the
device. To couple light energy efficiently from an optical fiber into a channel
waveguide, the design of both components should provide for well-matched electric
field profiles.

The rib waveguide analyzed was the light input channel of an integrated-optic
pressure sensor. Due to the complex geometry of the rib waveguide, there is no
analytical solution to the wave equation for the guided modes. Approximation or
numerical techniques must be utilized to determine the propagation constants and field
patterns of thé guide. In this study, three solution methods were used to determine the
field profiles of both the fiber and guide: the effective-index method (EIM),
Marcatili's approximation, and a Fourier method. These methods were utilized
independently to calculate the electric field profile of a rib channel waveguide and
elliptical fiber at two temperatures, 20°C and 300°C. These temperatures were chosen

to represent a nominal and a high temperature that the device would experience.
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Using the electric field profile calculated from each method, the theoretical
coupling efficiency between the single-mode optical fiber and rib waveguide was
calculated using the overlap integral and results of the techniques compared. Initially,
perfect alignment was assumed and the coupling efficiency calculated. Then, the
coupling efficiency calculation was repeated for a range of transverse offsets at both
temperatures. Results of the calculation indicate a high coupling efficiency can be
achieved when the two components were properly aligned. The coupling efficiency
was more sensitive to alignment offsets in the y direction than the x, due to the
elliptical modal profile of both components. Changes in the coupling efficiency over

temperature were found to be minimal.
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CHAPTER I
INTRODUCTION

1.1 Fiber Optic and Integrated Optic Béneﬁts

Transmitting fields via lossless dielectric cylinders was theoretically demon-
strated as early as 1910 [1]. This concept was not experimentally studied until the
advent of low-loss optical fiber {2], which has revolutionized the communication indus-
try. Copper telephone wires are now being replaced by optical fibers due to benefits
which include: fewer repeaters required compared to electrical wires over the same
distance; larger amounts of information transmitted over smalier diameter fibers due
to the higher bandwidth; and an improved signal to noise ratio.

The advantages seen in communications can be applied to aeronautics. On
an airplane, optical sensors can be located remotely from the processing electronics
with a fiber connection. Since optical sensors can be made compact, they can non-
intrusively detect environmental parameters. These sensors are inherently immune
to electromagnetic interference (EMI), such as radar, which can corrupt an electrical
sensor’s performance. This is a very important property because sensors are often
required to operate in harsh electromagnetic environments. To use electrical sensors
in these environments requires additional components for proper shielding. For aero-
nautics applications, this added shielding increases the weight of an aircraft, which
is an undesired result as added weight reduces the amount of passengers and cargo

that can be transported as well as the aircraft range and speed [3]. Unlike electric

1



wires and sensors, optical fibers and sensors do not exhibit sparking, short circuit,
or fire hazards caused by the degradation of the wire insulation [4]. These hazards
can present serious safety concerns on an aircraft. Ground loop problems are also
avoided using optics which reduces noise. Transmitting sensitive information via op-
tical fibers can improve security because the electromagnetic field strength outside a
fiber is much smaller than that outside an electrical wire, thus making interception
nearly impossible. Optical sensors are amenable to multiplexing, which can greatly
improve efficiency. Sensors distributed in a matrix can map a measured physical
parameter over the aircraft. Therefore, to replace electronic components with opti-
cal components would have wide-spread benefit. However, because this technology
is still maturing, it is more expensive than its electrical counterpart and hence not
widely utilized.

For aeronautics applications, an optical sensor must perform to its design
specifications while located in a hostile environment. This is a challenge because if not
properly designed, the high temperatures of an aircraft engine can seriously degrade
or destroy the device. Modeling has become.an important tool in predicting the
waveguide’s behavior with temperature. To model the behavior of an optical device
over temperéture, changes in both the refractive index of the layers and the physical
dimensions must be determined. Temperature-induced changes in the materials due
to thermal expansion and stress must be taken into account in order to determine

the device properties at an elevated temperature.



This research explored the coupling efficiency between a single-mode optical
fiber and a rib waveguide. Single mode sensors are generally more sensitive than mul-
timode sensors, which was one of the main reasons it was desirable to determine the
coupling feasibility between single-mode components. The optical fiber transmits the
source light;, into the guide, which serves as the input to an integrated optic pressure
sensor. Due to the geometry of these two components, approximation and numerical
techniques have been used to determine the electric field profiles and hence the theo-
retical coupling efficiency. Because this sensor is to be used in a temperature varying
environment on an airplane, changes in the coupling efficiency over temperature are

of interest.

1.2 Dissertation Objectives

Presently, single-mode fibers and waveguides are not considered viable for
use in an aircraft environment due to the coupling problem [5],(6]. The majority
of devices are not optimized for coupling, resulting in reduced maximum coupling
efficiency, such that a slight misalignment drastically reduces the power transfer.
Thus, the results of fiber to rib guide coupling are a critical factor in predicting
device feasibility because a sufficient amount of input light power is required for
the waveguide output to be detected. If theoretical calculations indicate a high
interconnect loss, then modifications must be made prior to fabrication with the goal
to improve the coupling efficiency.

Calculating the theoretical coupling efficiency between an elliptical-core op-

tical fiber and a rib waveguide at two temperature conditions with various alignment
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positions, to determine interconnect feasibility, was the objective of this research. To
do so required the calculation of the electric field profiles of both components in order
to evaluate the well-known overlap integral. Because there is no analytical solution
to the field of the rib guide, two approximation and one numerical technique were
used and the results of these techniques for the rib were compared. The two approx-
imation techniques chosen, the EIM [7],(8],[9],[10],[11],{12] and Marcatili’s method
(10],{13],[14],[15], are widely accepted techniques that have been extensively stud-
ied. The numerical technique, the Fourier method, was chosen due to its reported
excellent agreement with known exact solutions [16].

The fiber field can be calculated analytically using a series of Mathieu func-
tions (2], however, the solution cannot be determined in closed form because the
eigenvalue equation involves infinite determinants [17]. It was determined that the
same methods used to calculate the rib guide characteristics were applicable to the
fiber [16],[17],[18]. |

The effective index, n,, related to the modal propagation constant, is a
result of the field calculation and was used for comparison purposes. Both the n,
and coupling efficiency calculations were performed at the two temperatures. As a
consequence, it was necessary to determine the index and physical dimensions of both

components at the two temperatures, producing a different field profile for each.
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The two temperatures were chosen to represent a nominal temperature and
a high temperature that such a device would experience near the inlet of an aircraft
engine [4]. The maximum theoretical coupling efficiencies at each temperature were
compared to determine if the temperature change was significant to affect the sensor

performance.

1.3 Organization

The organization of this dissertation is briefly outlined here. Chapter II
provides an overview of documented research related to this dissertation. A brief
description of the sensor whose input is being studied is also given in Chapter II.
The fiber and sensor physical parameters are discussed in Chapter III along with the
physical parameters’ behavior with temperature. In Chapter IV the three methods
used to calculate the electric field profiles of both the fiber and rib waveguide are
discussed. Chapter V is divided into two parts, room temperature (20°C) and 300°C
results. These results include the field profiles and corresponding coupling efficiency
results for transverse offsets. Using the three methods independently, the results
were compared. A discussion on maximizing the theoretical coupling efficiency by
altering the waveguide parameters is given in Chapter V. The conclusion and plans for
future work are discussed in Chapter VI. A list of acronyms used with corresponding

definitions is provided in the on page xv.



CHAPTER II
BACKGROUND INFORMATION

2.1 Introduction

This chapter describes previous research and is divided into rib, fiber, and
coupling efficiency subsections which provide an overview of the research regarding
field solutions required to calculate fiber to guide coupling. The first two subsections
explore the field profile calculations documented to date on the two coupling com-
ponents. The third subsection discusses research on the coupling efficiency between
a fiber and a rib waveguide. A few specific examples from the literature survey will
be explored to illustrate the differences between previous research and that of this
dissertation. A brief description of the pressure sensor for which the rib waveguide

is the light input is also given.

2.2 Previous Research

The problem of transmitting the output light from a fiber into an integrated
optic device is relatively new. Until the advent of low loss fibers in the 1960’s, it was
impractical to attempt coupling, as the fiber exhibited such high loss. The commu-
nications industry has addressed this coupling issue extensively for lithium niobate
(LiNbO3) devices. Results from the literature search performed in preparation for
this research will be discussed.

The majority of the research calculates the propagation characteristics of ei-

ther an optical fiber or a waveguide. For this calculation, there are many techniques

6
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from which to choose. These methods include: finite element method, EIM, Mar-
catili’s method, Fourier method, variational method, and beam propagation method

(BPM).

2.2.1 Rib Field Calculation

Due to the complex geometry of the rib waveguide, approximation or nu-
merical solution techniques are necessary to determine its propagation characteristics.
Two review articles, one by Chiang [19] and the other by Saad [20], discuss the meth-
ods that have been used to solve for the propagation characteristics of waveguides.
A discussion of several of the methods will be given.

The EIM has been used to calculate the profile of a rib [8],[11],[19]. Caution
must be exercised when using this technique, because inaccurate results may occur if
applied to a device which does not meet the approximation assumptions. For exam-
ple, field boundary conditions are not satisfied using this approximation technique
[10]; thus narrow ribs are not accurately modeled using this method. Determination
of the accuracy of this method relies upon comparison with a numerical technique
[21]. The EIM is known to be accurate for ribs with small etch depths, such as
the rib under study. However, it consistently yields propagation constants that are
larger than those provided by the numerical results. Because this technique is only
applicable to a specific rib geometry, it is not widely recognized as useful for field
calculations, but rather only for the determination of the propagation constant [10].
However, this remains one of the most popular techniques for the analysis of rectan-
gular structures. Variations on this method are numerous [22],[23],[24],[25],(26] with

the intent to improve results.



Marcatili’s method [13] has been applied to both rib and strip-loaded waveg-
uides. Results from this technique compared well with numerical solutions [14],[15).
This method assumes the field is tightly confined to the core such that the field in
the outer regions is negligible. The technique has even been applied to modes in
anisotropic rectangular waveguides [27]. A perturbation correction to the propaga-
tion constant calculated using Marcatili’s method can improve the accuracy [14]. A
perturbation correction can also be applied to the EIM [28]. The major advantage
of the EIM and Marcatili’s technique is their simplicity.

Goell [29] reported a numerical technique based on the expansion of circu-
lar harmonic functions. This method produces accurate results for the propagation
constant, but becomes cumbersome for devices with aspect ratios other than unity.
Many researchers refer to Goell’s work for comparison, yet it is infrequently used.

The finite element method is an application of the Rayleigh-Ritz procedure
to a set of basis functions which are confined to a small spatial region [30]. When
applied properly, this method has been determined to be very accurate and can be
applied to many geometries [31]; unfortunately, it requires an enormous amount of
computing resources.

The.variational method has also been applied to a rib guide to determine
the rib field profile. The accuracy of this technique is dependent upon the choice
of the trial field function. Taking the trial function and varying its constants until
an integral relation with the propagation constant is maximized, produces the field
result. This is an application of the Rayleigh-Ritz procedure based on an expansion

of a set of independent basis functions [30]. An integral relation is derived from the



scalar wave equation and defined as

o [r¥(.9) 12(,9) da — [|V.2(s,y) da
[1e@y)Pde

) (2'1)

where the integration is taken over the guide cross section, ®(z,y) is the field trial

function, and k, is defined as % where ), is the wavelength in free space. The
variational method has received a fair amount of attention recently [32],[33],[34].

The beam propagation method (BPM) is used to solve the scalar equation
and cannot be adapted to solve the vector wave equation. Yevick and Hermansson
compared the results of the finite element method with the beam propagation method
[30]. Accurate results can be obtained for straight guides, but the BPM becomes
inaccurate when applied to curved sections. The BPM is particularly useful for
determining the coupling between two adjacent, parallel waveguides.

The Fourier method has also been applied to a rib waveguide [35],36],[37].
The electric field is calculated using a series of sine functions. Inserting this field
expansion into the scalar wave equation and exploiting the orthogonality produces a
matrix equation. Using sine basis functions, the boundary condition of zero field at
infinity is not satisfied. Thus, the field must be enclosed in an artificial rectangular
boundary, such that the accuracy of the results depends on its size [16] and the
number of expansion terms used.

After exploring the different methods for determining the field profile of a
rib waveguide, three methods were chosen. The EIM and Marecatili’s approximation

method were chosen because both have demonstrated accurate results for a rib waveg-

uide. The Fourier method was chosen as the numerical technique because it produces
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smaller matrix equations than the other numerical techniques [16]. This reduces the
computing time required for the calculations, while maintaining accuracy. Due to
the flexibility of the three chosen techniques, they can be applied to both coupling

components.

2.2.2 Fiber Field Calculation

The exact solution for the propagation characteristics of an elliptical-core
fiber involves complicated transcendental dispersion equations. These equations re-
quire numerical analysis to determine the fiber propagation constants. Consequently,
most of the recent work on elliptical-core fibers has been based on approximation or
numerical techniques [38].

Yeh [2] provided an exact analysis of an elliptical-fiber using Mathieu and
modified Mathieu functions. From this analysis, a numerical technique is needed to
produce the solutions. Using Yeh’s analysis, Dyott et. al. [39] developed a computer
program to solve for the propagation characteristics of the fiber using the ﬁnite
element method. This solution is very complex and is not conducive to the coupling
efficiency calculation.

The EIM is applicable to elliptical-core fibers [18],[40]. The solution is a set
of spatially dependent analytic functions which are conducive to evaluation of the
overlap integral. Fiber birefringence can also be calculated using this method.

Another approximation method which can be applied to the fiber is Mar-
catili’s technique [41],[42]. This method has been proven to accurately predict the
propagation behavior of a highly elliptical-core fiber [43]. Birefringence results using

this method compared favorably with those obtained by Dyott [39].
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The Fourier method has also been used to calculate the field profile of an
elliptical-core fiber. This method utilizes an orthogonal set of basis functions to
convert a differential equation into a set of simultaneous linear equations [44],[35].
Results from this method accurately predicted the modal propagation constant and
the field profile when compared with known results.

From the above solution methods, the EIM, Marcatili’s approximation, and
the Fourier method were chosen for this study. Both the EIM and Marcatili’s ap-
proximation methods have been successfully applied to elliptical-core fibers. The
numerical technique chosen was the Fourier method, based on its accurate results for
elliptical fibers. Also, knowing a priori that (1) the Fourier method was chosen for
the rib field calculation and (2) the overlap integral calculation was to be performed,
choosing the Fourier method as the numerical technique for the fiber was a logical
choice. All three methods produce field solutions conducive to calculating the overlap

integral.

2.2.3 Coupling Efficiency

The goal of this research was to determine the feasibility of coupling light
from an optical fiber into a rib waveguide. This required a comprehensive analysis of
the propagation characteristics of both the elliptical-core fiber and rib waveguide over
temperature. Results of this analysis were used to determine the theoretical coupling
efficiency between the single-mode components for various alignment positions at two
temperatures to determine interconnect feasibility.

There are several methods of coupling a fiber to a waveguide, which include:

prisms, gratings, evanescent field coupling, lenses, and end-fire coupling. All of these
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methods were explored, but the most practical approach for an aircraft was end-fire
coupling [45). Prisms or gratings require the fiber to be incident at a particular angle,
which is impossible in the vibrating environment of an aircraft engine. Evanescent
coupling requires the fiber to be stripped of its cladding and placed directly on top
of the guide. Scratches on the upper surface of the guide cause scattering loss and
precise alignment with the 2.7 ym wide rib is difficult. Fabricating a laser diode
source directly on the device substrate [46] was not a viable option for this device
since it was to operate in a temperature range from 20°C to 300°C, because the
output wavelength of the laser diode would shift with temperature, corrupting the
device output. End-fire coupling requires the fiber tip to be in physical contact with
the guide cross section and precisely aligned, which is the most feasible coupling
method for this application.

Burns and Hocker [47]. explored end-fire coupling in 1977, and discussed the
issue of mode mismatch between components, which decreases the coupling efficiency.
The coupling efficiency depends on the spatial overlap of the transverse fields of the
optical modes in the fiber and channel guide, therefore any differences between their
field profiles will produce a loss. The calculations performed by Burns and Hocker
[47] approxirhated the fields of both components as Gaussian, to simplify the integral
calculation.

Approximating the fields of the two coupling components greatly simplifies
the evaluation of the overlap integral. A closed form solution has been derived using
the Gaussian approximation [48]. From this solution, the coupling efficiency between

a GaAlAs laser diode and a LiNbOj device was determined.
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Ghosh [49] performed an interesting theoretical probability analysis of the
alignment between two components. Using a circular-core fiber which was smaller
than the circular device, the probability of alignment was determined. For this case,
100% coupling efficiency was possible because the fiber was smaller than the device.
As long as the fiber was positioned entirely within the device cross-section, 100%
coupling efficiency is achieved. This geometry was in contrast with the case under
study where the fiber is larger than the device, being nearly two times as high. Thus,
100% coupling efficiency can never be obtained for the device being studied.

The majority of coupling research used LiNbOj for the waveguide, however,
this material cannot be operated at high temperatures. Also, circular-core single
mode fibers were used as the light input, thus simplifying the theoretical coupling
calculation. Most papers simplified the coupling efficiency calculation by assuming
the field of one or both of the components as Gaussian [50],[51].

Chung [52] addressed the problem of experimentally aligning the fiber with
the guide, as well as the need for a polished waveguide end face to reduce scattering.
The use of grooves fabricated directly on the waveguide for fiber placement improved
alignment. A. v-groove configuration is illustrated in Figure 2.1, where the angle 8 is
the crystallographically defined angle of silicon. This approach is widely accepted and
has been extensively used [53],[54]. Using v-grooves for fiber alignment is considered
a self-alignment technique, because it reduces the necessary active alignment to one
direction, z. Using LiNbOj3 devices, Murphy and Rice [55] experimentally fabricated
a multiple ﬁber—wa?eguide alignment technique using a series of v-grooves on silicon.

This design is suitable for both single-mode and multi-mode fibers. The required
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groove width can be calculated using
w, = V6r — 2A, (2.2)

where w, is the groove width, r is fiber radius and A is the distance from the silicon
surface to the center of the fiber core. In practice, groove widths can be controlled
to &1 pum; this variation in the groove width produces a transverse offset causing
coupling loss. The coupling efficiency was theoretically calculated assuming Gaussian
mode profiles for both the fiber and waveguide. The fiber/guide system was thermally

cycled between 20°C and 70°C, with minimal coupling efficiency change.

d=2r

—0 =54.74

Figure 2.1: V-groove in silicon for fiber alignment.
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For alignment improvement, a fiber with a tapered diameter can be inserted
in the groove and translated until the maximum coupling efficiency is achieved [56).
This scheme is illustrated in Figure 2.2. Using a LiNbOj device, coupling efficiencies
of 70% or more have been experimentally achieved with this configuration [56].

Flip-chip alignment is similar to the v-groove concept. V-grooves in the
substrate chip are used to align the fiber while another v-groove chip is placed on top
and upside down such that the v-grooves are aligned. This method keeps the fiber(s)

more securely in place.

Channe] Waveguide Output
or Channel Waveguide
Device in LiNb03

Silicon

Tapered
Alignment
Fiber

Figure 2.2: Silicon v-groove coupling structure
with tapered fibers for improved alignment.

Fabricating a lens on a fiber tip to improve field matching between the com-
ponents is theoretically feasible, but experimentally difficult to achieve. Cai et. al.

proposed the utilization of a coupling waveguide to improve field matching between
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a single-mode fiber and a thin-film waveguide [57]. A 10 pm core polarization-
maintaining fiber and 1.2 pm thick guide were used for coupling, which are much
larger than the components being studied, with a calculated coupling efficiency of
64%. |

More recent research involves gallium arsenide (GaAs) waveguide devices
[54],(58]. Vezzetti and Munowitz [59] explored coupling between a single-mode circular-
core fiber and a strip-loaded waveguide composed of GaAs using the Fourier method.
They maximized the predicted coupling efficiency by altering the strip-loaded waveg-
uide physical dimensions and indices so that its field more closely matched that of
a circular-core fiber. Their research differed from this dissertation in that (1) the
waveguide was a strip-loaded channel, (2) the fiber was circular-core, (3) the mate-
rial used was GaAs, and (4) parameter changes with temperature were not explored.

Experimentally, using a single-mode fiber, a 0.5 dB coupling loss to a GaAs
device was reported, which corresponds to an 89% coupling efficiency [54]. This work
was purely experimental, and no calculations of the fields of the components were
performed. Another experimental group used a polarization-maintaining fiber and
determined the coupling efficiency between it and a LiNbQ,; device. Intrinsic loss
due to the field mismatch was approximately 0.5 dB [53].

A relevant paper compared the calculated coupling efficiency between four
rib waveguides and a circular-core single-mode fiber using three different methods
for the rib: the EIM, finite difference, and function fitting [60]. The function fitting
method utilized the Rayleigh-Ritz procedure. The waveguide modes were assumed

TE and propagating in the z direction, which are the same assumptions used in



17

this work. However, the fiber used in the paper was a circular-core single mode
fiber having a spot size of 5 um, with the field approximated as Gaussian. Results
of the work indicated that the EIM was most accurate for ribs with small height
and large widths, similar to the rib studied in this dissertation. Coupling efficiency
variances due to transverse offsets and temperature change were not explored by
these researchers.

Only a few researchers addressed coupling a polarization-maintaining fiber to
a waveguide. Of those, most approximated the field as Gaussian, and no calculations
were performed to determine the coupling efficiency versus transverse offsets (61].

Thus, of the literature surveyed, none calculated the coupling efficiency using
rigorous field solution techniques for both the fiber and rib waveguide to calculate
overlap integral, and then determined changes in the coupling efficiency with trans-

verse offsets at two temperatures.

2.3 Ring Resonator

The rib channel investigated for this research was the input to a micro-
machined ring resonator pressure sensor, shown in Figure 2.3. There are several
modulation techniques which can be used to deduce a measurand. These have been
described elsewhere [62]. For the sensor investigated, wavelength modulation was
used. Light propagates from the input rib channel waveguide through the first Y-
branch and is split at the second Y-branch. A portion of this light then travels
around the ring where it crosses the diaphragm. The light continues around the ring
to the first Y-branch and interferes with the incoming light. The effective index of

the ring, n., is altered when the diaphragm is perturbed by an applied pressure. The
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round trip phase shift of the ring is given by [63]

2 L
b= | ne(tt, (2.3)

where A, is the wavelength of the source and n, is integrated around the perimeter
-of the ring having length L. At resonance, the ring and input light constructively
interfere such that ¢ = 27m, where m is an integer, which causes the transmissivity
of the ring resonator to be a maximum. When ¢ = 27(m + %), the transmissivity is
a minimum. This sensor exhibits cross-sensitivity to temperature which may be re-
duced by shortening the path length [64]. Because the sensor is polarization sensitive,
the input fiber must be polarization-maintaining. The ring resonator configuration
can be used to measure other parameters by replacing the diaphragm in Figure 2.3

with an appropriate sensing mechanism.

Diaphragm
VA

Inpul - Output

Figure 2.3: Integrated optic ring resonator interferometer.



CHAPTER III
COUPLING COMPONENTS - RIB GUIDE AND ELLIPTICAL FIBER

3.1 Introduction

The channel waveguide discussed was the input stage of an int.egrated-optic
pressure sensor. The pressure sensor was based on a strain sensitive ring resonator,
combined with a micromachined silicon diaphragm. This sensor was polarization
sensitive, thus interrogation with TE or TM polarized light each produced a different
output [63]. In this investigation, only the incident TE mode was analyzed. The
rib guide and elliptical-core optical fiber were the two components studied such that
the theoretical coupling efficiency of the light output from the fiber into the input
rib guide was calculated, with the goal being to maximize the coupling efficiency
between the two. Both coupling components were single mode. The sensor design
and fabrication was performed at the University of Cincinnati [63]. The physical
parameters of both the sensor input and elliptical-core fiber, illustrated in Figure

3.4, are discussed in the following sections.

3.2 Rib Waveguide
3.2.1 Materials

Materials for the rib waveguide were judiciously chosen, consisting of a semi-
conductor substrate followed by an isolation layer, guiding layer, and an overlayer.

Each film layer is discussed in this order which was also the deposition order.

19



20

Cross Section of iotical— ;
Rib Waveguide Elliptical-Core Fiber

_ n{core) = 1.484
n(Si02)=1.453 n(clad) = 1.450
n(SiON)=1.553 a=13um
Width=W=2.7 um Ao = 830 nm b= 65 um
Field Confinement Une{?ﬁgd“ﬁ’eigm

509 um Si02 —
426 um SiON —-

* + o+ o+ - a
* * * L d A - - *
. . PR AR AR
V.= 2 I . 3 * * . * *
3.1 um Sj02 ——+ [ o ol e el
td MARREMMN O e e e e e e e e e oy
B R,
..........

oooooooooo

Figure 3.4: Cross sections of rib waveguide and elliptical-core optical fiber.

3.2.2 Substrate and Isolation Layer

Silicon was chosen as the substrate material due to its excellent waveguiding
and mechanical properties [65]. For field confinement via total internal reflection,
the index of the guiding region must be larger than the surrounding layers. The
index of refraction of silicon at 830 nm is 3.67 [66] at room temperature. Because
the index of all materials varies with wavelength, it is referenced to a wavelength .
Unless otherwise indicated, all indices discussed in this dissertation are referenced
to 830 nm. The index of silicon is higher than most candidate films used in high
temperature applications. Therefore, an isolation layer of low index material must
be deposited between the guiding layer and the substrate in order to utilize a silicon
substrate and silicon micromachining technology. For this case, silicon oxynitride

(SiON) was chosen as the guiding film, making silicon dioxide (SiO5) a natural choice



21

for the isolation layer. SiO; is dense, smooth, highly adherent to silicon substrates,
uniform in refractive index and thickness, simple to produce, has a lower index than
SiON, and can be fabricated nearly defect free.

Because the isolation layer was finite, there was loss due to substrate cou-
pling. Consequently, the waveguide’s modes were not strictly bound modes, but
rather leaky modes [9],[67]. To minimize this effect, the thickness of the SiO; layer
was chosen to nearly isolate the guide from the substrate. A theoretical analysis was
performed [68] to determine the required isolation layer thickness to produce a 0.1
dB/cm loss. According to the graphical results shown in Figure 3.5, the isolation
layer thickness must be at least to 2.0 um for a 0.516 um thick guide to reduce the
substrate coupling loss to 0.1 dB/cm. For the sensor, the isolation layer was 3.1 um;
thus, the guiding layer did not ‘see’ the substrate and the effects of substrate coupling
were negligible. For modeling purposes, the isolation layer was considered to be the

substrate.

3.2.3 Guiding Layer

Silicon nitride, SizNy, was first explored as the waveguiding core material
beéause of its ability to withstand high temperatures without degrading. However, it
was discovered that SizNy films tend to crack for thicknesses exceeding approximately
0.2 pm. Also, there is a large difference in the index of refraction between SizNy4
(n = 2.0) and an optical fiber (n = 1.5) which is not conducive for coupling, because
Fresnel reflection would add a significant contribution to the loss. Using SizNy, the
calculated coupling efficiency would generally be less than 10%, which is unacceptable

for this sensor application [69].
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Isolation Layer Thickness vs. Guide Thickness
for 0.1 dB/cm TE Loss
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Figure 3.5: SiO, isolation layer thickness vs. SiION guide thickness.

To maximize the fiber-guide coupling efficiency, the cross sectional area of
the two components should be nearly identical, as well as the core indices. Therefore,
SiON [70],[71] was the material of choice for the guiding layer. The benefits of this
material include the following: (1) film index can be varied from 1.46 - 